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Abstract

The bearing capacity of sub-asphalt soils, which is a critical parameter for assessing pavement conditions and guiding

pavement maintenance, is greatly influenced by soil water content. In this study, ground-coupled ground penetrating radar

(GPR) techniques were used to non-destructively monitor the volumetric water content in sub-asphalt aggregate layers during

an extended infiltration experiment. Water was injected over a period of several months into two differently layered pavement

test sections, one of which contained a sub-asphalt drainage layer. GPR travel time data were used to estimate the water content

in each aggregate layer and the variations in water content with time, and GPR amplitude data were used to indicate areas of

high water content immediately beneath the asphalt layer. The GPR data revealed significant variations in the water content of

the aggregate layers in both the horizontal and vertical directions and over time. Comparison of the water content estimates from

GPR travel time data and from gravimetric water content measurements showed that the difference between the two techniques

was approximately 0.02 cm3/cm3. These results suggest that GPR techniques can be used for accurate, non-invasive water

content estimation in sub-asphalt aggregate layers and for assessing the efficacy of pavement drainage layers.
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1. Introduction

Accurately assessing the condition of existing

pavements is essential for many transportation pro-

grams. In the United States, most pavement structures

were constructed decades ago, and much of the

current investment in pavements is in maintenance

and rehabilitation (M&R) rather than in new con-

struction. The type and extent of M&R are partially
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based upon the assessed bearing capacity of the sub-

asphalt soils, where the bearing capacity is defined

as the ability to carry a defined number of repetitions

of a set of loads. If the bearing capacity of the sub-

asphalt soils is not assessed correctly, the estimated

M&R requirements may be inaccurate, and the M&R

design may be either overly conservative or inad-

equate. Currently, falling weight deflectometers

(FWDs) are the most commonly used method for

estimating pavement bearing capacity, where the

bearing capacity is determined by measuring deflec-

tions that reflect the pavement stiffness. The pave-

ment bearing capacity is a function of the bearing

capacity of the sub-asphalt soil, which is greatly

affected by the soil water content (Hicks, 1970;

Fang, 1991) and soil suction (Heath, 2002).

Increases in the water content of the sub-asphalt

soils can decrease the soil stiffness and cause greater

pavement deflections (Scullion et al., 1995; Kelley,

1999). Pavement stiffness estimates obtained with

FWDs provide single measurements of a cyclic

phenomenon and must be adjusted for moisture

conditions that differ from the conditions at the time

of the FWD survey. Ground penetrating radar (GPR)

methods have the potential to estimate the water

content in sub-asphalt soils coincidently with the

FWD measurements. These in-situ, field-scale water

content estimates could be used in conjunction with

conventional laboratory relationships between water

content and soil stiffness and strength to more

accurately estimate the pavement bearing capacity

under fluctuating moisture conditions. GPR methods

could also be used during or immediately after

wetter periods to determine the maximum likely

water content of the sub-asphalt soil, which could be

used to estimate the lowest probable pavement

stiffness.

The water content in sub-asphalt aggregate soils

can also be used to guide M&R of the overlying

asphalt layer. Researchers have shown that moisture

within the asphalt layer and the underlying soil can

cause the bond between the asphalt cement and

pavement aggregates to fail, resulting in asphalt

dstrippingT, which greatly decreases the service life

of the asphalt layer (Scullion et al., 1994; Maser,

1996). GPR data could be used to non-invasively

indicate areas of high water content beneath the

asphalt layer to predict where erosion of the low-
permeability interface between the asphalt layer and

the aggregate soils and subsequent infiltration of

water into the asphalt layer is most likely.

Estimates of the water content in sub-asphalt soils

are also necessary to determine the efficacy of

pavement drainage systems and to evaluate the need

for drainage in undrained pavements. The costs of

installing and maintaining sub-asphalt drainage sys-

tems are substantial. However, the design of drainage

systems and the selection of pavements to be

retrofitted with a drainage system are often made

with little information regarding water contents in the

sub-asphalt soil layers. As a result, expensive drainage

systems may be installed in pavements where they

offer only marginal benefits, or drainage systems may

be omitted in some areas where they would greatly

extend the service life of the pavement. GPR

techniques could be used to obtain sub-asphalt water

content estimates that would allow more efficient

design and allocation of drainage systems.

Current techniques for estimating sub-asphalt

water content include gravimetric sampling, time

domain reflectometry (TDR), neutron probe logging

and capacitance or resistance devices. These methods

are invasive, expensive and time-consuming, and they

may have high errors due to the water-cooled drill bits

generally used for installation or sampling. Addition-

ally, because soil water content is spatially variable,

these point measurement techniques are of limited

value when assessing the water content over large

areas. For these reasons, sub-asphalt water contents

are not estimated for most pavement applications.

GPR techniques are non-destructive and can be

collected quickly over large areas, and are therefore

potentially more suitable than conventional methods

for water content estimation in pavements.

Researchers and engineers have used GPR techni-

ques for a variety of pavement applications, such as

measuring pavement thickness (Cuvillier et al., 1987;

Eckrose, 1989; Fernando and Maser, 1991; Roddis et

al., 1992), detecting voids beneath pavements (Clem-

ena et al., 1986; Bomar et al., 1988; Smith and

Scullion, 1993; Saarenketo and Scullion, 1994),

evaluating bridge decks (Clemena, 1983; Maser,

1991; Maser and Rawson, 1992) and estimating rebar

corrosion (Narayanan et al., 1998; Hubbard et al.,

2003). GPR data have also been used for water

content estimation in pavement materials; Saarenketo
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et al. (1994) used GPR amplitude data to qualitatively

monitor the infiltration of saline water injected

alongside a highway; and Scullion et al. (1995) used

GPR amplitude data to quantitatively estimate water

content in pavement aggregates for four controlled

laboratory samples. Additionally, several researchers

have used GPR travel time data for quantitative water

content estimation for other applications. Very near-

surface (uppermost 20 cm) soil water content esti-

mates have been calculated in field-scale experiments

using GPR groundwave travel time data (Du and

Rummel, 1994; Lesmes et al., 1999; Hubbard et al.,

2002; Grote et al., 2003), and deeper estimates of

water content have been calculated in soil layers using

GPR reflection travel time data (Greaves et al., 1996;

Van Overmeeren et al., 1997; Weiler et al., 1998;

Grote et al., 2002; Lunt et al.,). This study extends the

previous results by utilizing common-offset GPR

travel time data in a field-scale experiment to

quantitatively estimate sub-asphalt water content

under engineered conditions.

In this study, GPR techniques were used to

estimate the sub-asphalt water content in pavement

aggregate soils for two differently layered pavement

sections during a period of prolonged infiltration.

GPR travel time data were used to estimate the water

content in each aggregate layer, and GPR amplitude

data were used to indicate areas of high water content

immediately beneath the asphalt layer. A brief back-

ground of the GPR techniques used in this study is

given in Section 2, and Section 3 describes the

experimental procedures. In Section 4, the results of

the travel time and amplitude analyses for both

pavement sections are discussed, and the water

content estimates from GPR travel time data and

gravimetric measurements are compared. The con-

clusions from this experiment and the subsequent

implications for GPR pavement applications are given

in Section 5.
2. GPR background

GPR is a high frequency electromagnetic technique

that emits a signal of fixed voltage and frequency and

records the subsurface response as a time series of

voltages (amplitude). The electromagnetic property

most commonly measured using GPR data is the
dielectric constant (j), which for typical operating

frequencies and surveying environments is primarily

influenced by the soil water content (Davis and Annan,

1977; Topp et al., 1980). Both the travel time and

amplitude of the GPR signal can be used to estimate

the dielectric constant if the subsurface material has

low electrical conductivity and the GPR data are

acquired using standard high frequency (~50–1500

MHz) antennas. Travel time measurements from GPR

reflections can be used to determine the electro-

magnetic velocity (v) to an interface, and the velocity

can then be used to estimate the dielectric constant (j):

jc
c

v

� �2

; ð1Þ

where c is the plane-wave propagation velocity of

electromagnetic waves in free space (Davis and

Annan, 1989). Travel time measurements are most

effective for estimating the dielectric constant when

the subsurface geometry is known or when variable-

offset data are acquired.

Amplitude data from GPR reflections may also be

used to estimate the dielectric constant in many

surveying environments. The amplitude of the

received GPR signal is a function of the strength of

the transmitted signal, the coupling between the GPR

antennas and the ground, the travel path of the signal,

the electromagnetic attenuation (a) of the subsurface

materials and the interfaces encountered by the signal.

The amplitude decreases with longer travel paths and

higher attenuation, and the GPR signal may not be

detectable for even very short travel paths in environ-

ments with very high attenuation. Electromagnetic

attenuation is a function of the electrical conductivity

(r) of the subsurface materials and the frequency of

the GPR transmitter, where attenuation is greater in

environments with higher electrical conductivity and

when higher frequency GPR antennas are employed.

Attenuation in air, which has a very low electrical

conductivity, is usually considered negligible for most

frequencies. For environments with low electromag-

netic attenuation, the dielectric constant can be

estimated from measurements of GPR attenuation

and the electrical conductivity (Davis and Annan,

1989):

ffiffiffi
j

p
c
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However, attenuation estimates are very difficult to

quantitatively extract from most surface-based GPR

data, the approximation given in Eq. (2) is not

appropriate for all surveying environments, and the

electrical conductivity of subsurface materials is

usually unknown. Thus, estimation of the dielectric

constant using surface-based GPR attenuation data is

very challenging.

A more practical application of GPR amplitude

data is to analyze the amplitudes of reflections to

determine information about the dielectric constant on

either side of the reflective interface. The reflection

amplitude indicates the proportion of energy that is

reflected from an interface or transmitted into the next

layer; high amplitude reflections indicate a large

contrast in dielectric constant between layers. For

example, a wet layer (with a high dielectric constant)

underlying a dry layer (low dielectric constant) would

generate a high amplitude reflection, whereas two

layers with very similar water contents would generate

a low amplitude reflection. The amplitude reflection

coefficient (RC) can be used to quantify the propor-

tion of reflected energy at an interface as a function of

the dielectric constants of the layers above (j1) and

below (j2) the interface (Ulriksen, 1992):

RC ¼
ffiffiffiffiffi
j1

p � ffiffiffiffiffi
j2

p
ffiffiffiffiffi
j1

p þ ffiffiffiffiffi
j2

p : ð3Þ

To use the reflection coefficient to estimate the

dielectric constant of an underlying layer, it is first

necessary to determine the dielectric constant of the

overlying layer. For air-launched GPR data, the

dielectric constant of the overlying material (air) is

known (jair=1). Thus, the amplitude of the reflection

from the air-ground interface can be used to

determine the dielectric constant of the surficial

material, after the amplitude of the air-ground

reflection has been calibrated by the amplitude of a

reflection from a large metal plate (Saarenketo and

Scullion, 2000). After the dielectric constant of the

surficial material has been calculated, the dielectric

constant of underlying layers can be estimated using

the reflection amplitudes from deeper interfaces.

However, the equations commonly used to approx-

imate the dielectric constant from reflection ampli-

tudes do not account for attenuation of the GPR

signal with increased propagation distance. This
omission does not significantly affect the accuracy

of the dielectric constant estimated from the initial

air-ground reflection, because the attenuation of

electromagnetic energy in air is usually low. How-

ever, attenuation in subsurface materials is often

significant. For pavement applications, attenuation of

the GPR signal in concrete and aggregate layers is

typically considerable and may reduce the accuracy

of dielectric constant estimates from amplitude data

for deeper subsurface layers (Saarenketo and Scul-

lion, 2000).

For many pavement applications, the dielectric

constant has been estimated using amplitude analysis

of common-offset air-launched GPR data (Cuvillier

et al., 1987; Fernando and Maser, 1991; Roddis et

al., 1992; Scullion et al., 1995), where common-

offset data are acquired by keeping the transmitting

and receiving antennas a constant distance apart and

pulling them in parallel along a traverse. Air-

launched data can be collected very quickly (at

highway speeds) and can be used to easily determine

the dielectric constant of the surficial layer without

reflections from deeper layers. However, the pene-

tration depth of air-launched data is usually small

(from 0.5 to 0.9 m) (Saarenketo and Scullion, 2000).

Air-launched data have a limited penetration depth

because the energy emitted from a GPR dipole

antenna in a uniform media (such as an antenna

suspended in air) radiates outwards both laterally and

vertically (so less energy is directed into the ground),

energy is lost due to spherical spreading of the signal

in air, and energy is reflected from the air-ground

interface rather than penetrating into the ground.

To provide more accurate estimates of the dielec-

tric constant for deeper pavement layers, ground-

coupled GPR travel time data can be employed.

Ground-coupled data can have penetration depths as

deep as 50 m in clean natural sediments (Davis and

Annan, 1989). Although penetration depths of this

magnitude are not expected for materials common to

transportation applications, ground-coupled GPR

methods can probe the entire pavement structure.

Ground-coupled amplitude data cannot be used to

quantitatively estimate the dielectric constant in

pavement aggregates using the reflection coefficient

approach described by Eq. (3), as ground-coupled

data do not allow for calibration with a metal plate and

the dielectric constant of the uppermost layer is not
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known. However, travel time measurements from the

ground-coupled data can be used to estimate the

dielectric constant, and these estimates are not subject

to errors due to amplitude attenuation. Thus, ground-

coupled travel time data offer an approach for

accurately estimating the dielectric constant in sub-

asphalt aggregates, which can be subsequently used to

estimate the water content and soil stiffness and

strength or to assess drainage layer efficacy. Addi-

tionally, although the ground-coupled amplitude data

cannot be used quantitatively to estimate water

content, reflection amplitudes from ground-coupled

data can be qualitatively analyzed to indicate the

degree of contrast between the dielectric constants of

different layers.

After the dielectric constant has been estimated

from either travel time or amplitude data, numerous

relationships are available to correlate this value to

volumetric water content. Empirical relationships,

such as the equation developed by Topp et al.

(1980) using a range of soil types, or volumetric

mixing models (Alharthi and Lange, 1987; Roth et

al., 1990) can be employed for converting dielec-

tric constant to water content. For increased

accuracy, site-specific petrophysical relationships

can also be developed using soil samples and

TDR techniques.
Fig. 1. Vertical cross-section of the experimental pavements

illustrating the thickness of the rubber overlay, AC, AB, ASB and

SG. (a) Undrained pavement and (b) drained pavement.
3. Experimental approach

In this study, we tested the accuracy and resolution

of ground-coupled GPR travel time data for estimat-

ing the water content in drained and undrained

pavement aggregates. Section 3.1 describes the

experimental pavements and infiltration system used

in this study, while the data collection, processing and

interpretation techniques are discussed in Section 3.2.

The petrophysical relationships used to convert the

travel time measurements to water content estimates

are also given in Section 3.2.

3.1. Experimental configuration

This experiment was performed in a large metal

shed (9�100 m), within which two differently

layered pavement sections (drained and undrained)

were constructed on the natural clay subgrade. The
design for both pavement sections followed typical

California Department of Transportation (Caltrans)

specifications, and the methods used to create the

pavements were those commonly used in Caltrans

construction. Each pavement had 3.8 cm of asphalt

rubber overlay and 13.2 cm of asphalt concrete (AC)

overlying the aggregate layers. In the drained pave-

ment section, the asphalt was underlain by a nearly

uniformly graded layer of coarse gravel mixed with a

very small percentage (about 5% by volume) of

asphalt. This material is the asphalt treated perme-

able base (ATPB), which has a porosity of around

30% and serves as the drainage layer for the

pavement. Beneath the ATPB in the drained section

and beneath the AC in the undrained section is the

aggregate base (AB), which is composed of a

densely graded, medium to coarse gravel compacted

to approximately 100% density relative to modified

Proctor. The high degree of compaction applied to

the AB gives this layer a relatively low permeability.

The surface of the AB was sprayed with a

penetrating film of oil and asphalt (prime coat) prior

to placement of the ATPB and AC in the drained and

undrained pavements, respectively. Underlying the

AB for both sections is the aggregate sub-base

(ASB), which is similar to the AB in composition,

but has a slightly higher percentage of fines and is
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not as heavily compacted. Permeability tests have

shown the ASB to be significantly more permeable

than the AB. The ASB is the lowermost engineered

layer; beneath it is the subgrade (SG), which at this

site is a highly plastic deltaic clay compacted to

approximately 95% density relative to modified

Proctor to a depth of 15 cm. A cross-section of

both pavements is shown in Fig. 1. The pavement

layers have a primary gradient of 2–3% and a

perpendicular secondary gradient of 0.5% across

each section.

Water was introduced into the uppermost aggre-

gate layer of both pavement sections by means of a

drip infiltration system. The infiltration system

consisted of a series of 2.5 cm diameter holes drilled
Fig. 2. Map view of the experimental pavement sections showing the loca

pavement section and (b) drained pavement section.
through the AC and through the top 2.5 cm of the

ATPB (drained pavement) or AB (undrained pave-

ment) at 0.5-m intervals along a 12-m length on the

upgradient side of each pavement section. A drip

hose attached to a main pump and timing system

was inserted into each hole, and a nozzle at the end

of each drip hose regulated the rate of infiltration.

The locations of the infiltration holes for both

pavement sections are shown in Fig. 2a and b.

Since both pavement sections were located inside a

building, changes in the water content of the

aggregate layers were expected to occur only as a

result of the introduced infiltration; the effects of

outside precipitation were expected to be negligible.

This infiltration scheme simulated surface water
tions of the infiltration holes and the GPR traverses. (a) Undrained
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entering through a cracked AC layer in damaged

pavements.

3.2. Experimental procedures

3.2.1. Data collection

GPR data were collected at two frequencies (900

and 1200 MHz) using a ground-coupled Sensors and

Software’s PulseEkko1000 surface GPR system. The

frequency bandwidth was approximately equal to the

central frequency, and the antenna separation was 17

and 7.5 cm for the 900- and 1200-MHz data,

respectively. An odometer was used to trigger data

collection at 2-cm intervals, and data were stacked

16 times at each station to improve the signal to

noise ratio. For each pavement section, a grid of

GPR data was collected along the traverses shown

in Fig. 2.

Different rates of infiltration were used for each

pavement section, and the time intervals between

GPR surveys varied correspondingly. For the

drained pavement, three rates of infiltration were

used to simulate light, medium and heavy rainfall as

defined by precipitation records in northern Cal-

ifornia, and several GPR surveys were collected

during each infiltration rate. The lowest infiltration

rate (98 l/day) was applied initially, and it was

continued for 2 weeks before increasing the

infiltration rate to 151 l/day. This infiltration rate

was also applied for 2 weeks, then was increased to

the highest rate of 233 l/day. Infiltration was applied

at the highest rate for approximately 5 weeks. For

each rate, infiltration occurred every 6 h, with the

duration of infiltration and the volume of water

released into each hole calculated to achieve the

desired l/day rate across the 12-m infiltration zone.

For the undrained pavement section, a similar

infiltration and data collection procedure was

followed, but only one infiltration rate (11 l/day

over the 12-m injection zone) was used. This low

infiltration rate was chosen because higher rates

resulted in persistent overflowing of the infiltration

holes. Infiltration was continued at this rate for

approximately 33 weeks, and GPR data were

collected periodically throughout this time. GPR

data were collected less frequently in the undrained

pavement than in the drained pavement due to the

very low rate of infiltration and the expectation of
gradual change in the water content of the

undrained pavement aggregates.

3.2.2. Data processing and interpretation

The processing routine applied to the GPR data

was simple, although more sophisticated data

processing techniques were initially investigated.

The final data processing routine included a low-

cut filter to remove induction effects, a very mildly

time-varying bandpass filter designed to retain the

dominant frequencies observed in the data, trace-

averaging over the number of measurements in the

radar dfootprintT and automatic gain control (AGC).

The AGC was necessary to detect the reflection

from the deepest interface in the 1200-MHz data,

but also increased the amplitude of the noise in the

shallower data.

Interpretation of the GPR data involved analyzing

and comparing the reflections observed in 900-MHz

common-midpoint (CMP) data with common-offset

data from both frequencies. The antenna housing

of the 1200-MHz antennas did not allow separation

of the transmitting and receiving antennas, so

1200-MHz CMP data could not be collected, but

the 900-MHz antennas were separable. The 900-MHz

CMP data were used to identify the reflections from

aggregate layer interfaces, and the arrival times of

these reflections were used to interpret both the 900-

and 1200-MHz common-offset data. The 1200-MHz

data had very high resolution and showed reflections

from the main interfaces between the asphalt concrete

and aggregate layers, but also revealed multiples

from the asphalt concrete-aggregate interface and

reflections from layers (lifts) within the aggregate

layers. (The aggregate layers were constructed in lifts

~11 cm thick, and the soil was compacted after

placement of each lift. This construction method

causes the soil density to be greater near the top of a

lift than at the bottom, and if the change in soil

density is significant, a GPR reflection can be

generated from the lift boundaries.) To determine

which reflections corresponded to major interfaces

between aggregate layers, the 1200-MHz data were

compared to the 900-MHz data. The 900-MHz data

have lower resolution but better penetration, and

these data more clearly showed reflections from

major interfaces without as many minor reflections

from lifts between the layers.
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An example of the 900- and 1200-MHz data

collected over the undrained pavement section is

shown in Fig. 3. Fig. 3a shows a 900-MHz CMP on

which the airwave, groundwave and reflections from
Fig. 3. Interpreted GPR data collected over the undrained pavement prior t

the section. (b) 900-MHz common-offset traverse collected along line 2 (F

(Fig. 2a).
aggregate layers are identified, while Fig. 3b shows a

900-MHz common-offset traverse collected near the

CMP. For both of these surveys, the reflection

dpicksT were chosen as the first lobe of the Ricker
o infiltration. (a) 900-MHz CMP survey collected near the center of

ig. 2a). (c) 1200-MHz common-offset traverse collected along line 2
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wavelet for each reflection to reduce errors caused

by dispersion of the wavelet. Using the first wavelet

lobe to identify a reflector causes the reflection

dpickT to have the opposite polarity of the highest

amplitude (central) lobe of the wavelet. For the GPR

system employed in this study, the emitted GPR

signal is a Ricker wavelet starting with a low-

amplitude negative lobe, followed by a high-ampli-

tude positive lobe, and ending with another low-

amplitude negative lobe. For reflections with positive

reflection coefficients (signal travels from a wetter

soil to a drier soil), the reflected wavelet has the

same polarity as the emitted wavelet, while negative

reflection coefficients will result in a reflection

wavelet of the opposite polarity. In the undrained

pavement, the first reflection is from the AC–AB

interface, which has a negative reflection coefficient.

In Fig. 3a and b, this reflection can be seen as a

high-amplitude trough (negative amplitude, shown in

white) flanked by two lower-amplitude peaks (pos-

itive amplitude, shown in black). Following our

picking convention, the reflection dpickT is chosen as

the lower-amplitude peak preceding the high-ampli-

tude trough. The reflection picks from the AB–ASB

and ASB–SG interface were similarly chosen. The

airwave, used to determine the dzero timeT, was

chosen as the low-amplitude trough preceding the

main airwave peak. As can be seen in the 900-MHz

CMP (Fig. 3a), the main airwave peak is partially

superimposed with the groundwave at small antenna

offsets, so the convention of picking the first lobe of

each wavelet also helps to reduce the effects of

superposition at these offsets. Fig. 3c shows a

common-offset 1200-MHz traverse collected imme-

diately after the 900-MHZ data. The arrival times of

major reflections in the 900- and 1200-MHz data

matched fairly well, although some minor discrep-

ancies were observed. Small differences between the

arrival times of 900- and 1200-MHz reflections are

partially due to the different antenna separations of

each frequency, which create a slightly longer travel

path for the 900-MHz data. Slight variations in the

arrival times might also be caused by differences in

bandwidth for the two frequencies, which result in

different resolutions.

Examples of 900- and 1200-MHz data collected

over the drained pavement are shown in Fig. 4. This

figure shows the reflections between aggregate
layers, where the same procedures for identifying

and dpickingT reflections were used as for the

undrained pavement. Fig. 4a (900-MHz CMP) and

Fig. 4b (900-MHz common-offset traverse collected

near the CMP) show that no clear reflection was

generated from the ATPB in the 900-MHz data, as

the resolution of the 900-MHz data was too low to

detect this thin layer. In the 1200-MHz data, a fairly

low-amplitude reflection that had the expected polar-

ity and arrival time was identified as the AC–ATPB

interface, but this identification was not verified

through CMP analysis given the limitations of the

1200 MHz antennas. The deeper reflections in the

drained pavement have similar arrival times for the

900- and 1200-MHz data.

After the primary reflectors in the common-offset

data had been identified by comparison with CMP

data, the average electromagnetic velocity in each

layer (estimated from CMP velocity analysis) was

used in conjunction with the known thickness of

each layer to estimate the approximate travel time

through the layer. The validity of the common-offset

interpretation was then verified by determining that

the measured travel time between common-offset

reflections was similar to the estimated travel time.

Common-offset reflections were also inspected to

verify that the primary reflections did not appear to

be multiples of earlier reflections and that sufficient

variation in travel time was observed for each

reflector to indicate that the reflection imaged a

subsurface interface and was not system noise. The

common-offset traverses shown in Figs. 3 and 4

were collected along line 2 (Fig. 2a and b) before the

start of infiltration, and the water content was

assumed to be fairly uniform throughout both pave-

ment sections at this time. The variations in travel

time observed in some of the aggregate layers in

Figs. 3 and 4 suggest that the thicknesses of the

aggregate layers were not perfectly uniform across

each section.

3.2.3. Travel time calculations

The travel time of the electromagnetic energy

through each layer was calculated as the difference

in arrival times of the reflections from layer interfaces.

For example, the two-way travel time through the AB

in the 1200-MHz data is indicated as DtAB in Figs. 3c

and 4c. After the travel time through each layer was



Fig. 4. Interpreted GPR data collected over the drained pavement prior to infiltration. (a) 900-MHz CMP survey collected near the center

of the section. (b) 900-MHz common-offset traverse collected along line 2 (Fig. 2b). (c) 1200-MHz common-offset traverse collected along

line 2 (Fig. 2b).
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calculated, the electromagnetic velocity (v) at each

point was estimated using the two-way travel time and

the known average thickness (d) of each layer:

v ¼ 2d

Dt
: ð4Þ
The velocity was then converted to dielectric constant

using Eq. (1), and the volumetric water content was

estimated from the dielectric constant using petro-

physical relationships. Site-specific petrophysical

relationships were developed in the laboratory for

the AB and ASB using TDR techniques and samples
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of the aggregate soils at different water contents

(William Herkelrath, USGS, pers. comm.). The site-

specific relationship for the AB was:

hv ¼ � 1:98� 10�5j3 þ 2:39� 10�4j2

þ 1:95� 10�2j � 2:08� 10�2; ð5Þ

where hv is the volumetric water content and j is the

bulk dielectric constant of the soil sample. Similarly,

the site-specific relationship for the ASB was:

hv ¼ � 1:04� 10�6j3 þ 2:47� 10�4j2

þ 2:45� 10�2j � 4:52� 10�2: ð6Þ

A site-specific relationship could not be developed for

the ATPB, as the asphalt cement caused this layer to

be impenetrable to TDR probes. Instead, Topp’s

equation:

hv ¼ 4:3� 10�6j3 � 5:5� 10�4j2 þ 2:92

� 10�2j � 5:3� 10�2 ð7Þ

(Topp et al., 1980) was used for estimating water

content from the dielectric constant measurements

within the ATPB. Topp’s equation is not entirely

appropriate for water content estimation in this layer,

as this relationship was developed on soils with fairly

uniform water content distributions, and the water

content distribution in the ATPB tends to be quite

irregular, as will be discussed later. Thus, water

content estimates in the ATPB obtained with Topp’s

equation are more appropriate for assessing the

relative moisture conditions in the ATPB compared

to dry conditions than for accurately quantifying the

water content.

To most accurately estimate the sub-asphalt water

content from GPR data, precise travel time measure-

ments across each aggregate layer are needed. Higher

frequency GPR data have better resolution, and thus

more accurate travel time measurements, than lower

frequency data. The travel time measurements through

the aggregate layers were therefore calculated using

the highest frequency (1200-MHz) data whenever

feasible. However, the 1200-MHz data did not always

provide consistent reflections from the lowermost

interface (ASB–SG reflection), so the 900-MHz data

were also employed for some of the travel time

measurements, as is discussed below.
Although the surveys collected prior to infiltration

showed clear reflections from each layer interface,

some of these reflections were more difficult to

identify reliably in the 1200-MHz data for the surveys

collected more than a few weeks after the start of

infiltration. Specifically, the amplitudes of the reflec-

tion from the ASB–SG interface decreased signifi-

cantly in later surveys, until this interface was difficult

to pick consistently using 1200 MHz data. The

reduced amplitudes of this reflection probably result

from increased attenuation of the high-frequency

electromagnetic energy in the overlying aggregate

layers as the water content of these layers increased,

but may also indicate a smaller reflection coefficient

for the ASB–SG interface as the difference between

the water contents of the ASB and the SG decreased.

Attenuation is greatest at high frequencies, so the

1200-MHz data were more attenuated than the 900-

MHz data, and the reflection from the ASB–SG

interface could be measured easily in the 900-MHz

data for all surveys. Therefore, the travel time through

the ASB was calculated by subtracting the travel time

between the airwave arrival (used to indicate the dzero
timeT) and the AB–ASB reflection in each 1200-MHz

trace from the travel time between the airwave and the

ASB–SG reflection in each 900-MHz trace for all

points in each survey.

Another reflection that became more difficult to

pick reliably with increased time after infiltration was

the reflection from the AC–ATPB interface. This

reflection occasionally had low amplitude or reversed

polarity signals for the surveys collected several

weeks after the start of infiltration. The changes in

the amplitude of this reflection may be indicative of

stripping in the AC or the ATPB; previous researchers

have shown that asphalt stripping can result in polarity

reversals of the reflected signal and that moisture in

the asphalt can also alter the reflected waveform

(Scullion et al., 1995; Scullion and Rmeili, 1997).

Another possible reason for the changes in amplitude

of this reflection is that water may be pooling on the

low-permeability asphalt layer at the bottom of the

ATPB, and this pooled water may cause a very large

contrast in dielectric constant along the ATPB–AB

interface. A reflection from pooled water would have

very high amplitudes and could partially superimpose

with (and destructively interfere with) the low

amplitude reflection from the AC–ATPB interface,
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which was easily detectable during the earlier surveys.

To circumvent the changes in amplitude and polarity

that made the AC–ATPB reflection difficult to pick

for some surveys, the initial survey (collected before

the start of infiltration) was used to define the travel

time through the AC at all points for all subsequent

surveys. As shown in Fig. 1, the infiltration holes

extended through the AC into the first aggregate layer,

so we do not anticipate changes in the water content

of the AC, and thus the travel time through the AC

can be assumed to be constant for all surveys. The

travel time through the ATPB was calculated by

subtracting, for each point in the survey grid, the

travel time through the AC during the initial survey

from the travel time through the AC plus the ATPB

for each of the surveys collected during infiltration.

This procedure allowed estimation of the travel time

through the ATPB even when the AC–ATPB interface

was difficult to pick, but increases the uncertainty of

the water content estimates in this layer.

3.2.4. Amplitude calculations

In addition to using GPR travel time data to

quantitatively estimate water content in the sub-

asphalt aggregate layers, amplitude data from the

reflection of the AC–aggregate interface were also

used to indicate wetter or dryer areas immediately

beneath the AC. The water content along the AC–

aggregate interface could be significant for detecting

stripping and subsequent deterioration of the AC. As

the amplitudes from the ground-coupled GPR data

could not be used to quantitatively determine the

reflection coefficient of the AC–aggregate interface

(due to attenuation of the signal in the AC and the

absence of an air-surface reflection, as described in

Section 2), the dielectric constant of the uppermost

aggregate layer could not be estimated from the

amplitude data. However, the reflection amplitudes

could be used to indicate the degree of contrast in

dielectric constant between the AC and the underlying

aggregate layer, as described by Eq. (3). An increase

in the water content of the aggregate layer would

increase the dielectric constant of this layer, and thus

would increase the contrast with the dielectric con-

stant of the AC, which is assumed to be unchanging.

The amplitudes of the AC–aggregate reflection there-

fore indicate the relative water content of the upper

portion of the aggregate layer, where higher ampli-
tudes correspond to wetter zones. For this study, the

amplitude of the reflection from the AC–aggregate

interface in the 1200-MHz data was normalized by the

amplitude of the airwave for each trace to reduce any

effects from voltage fluctuations in the GPR equip-

ment for different surveys. The amplitude data were

generated by arithmetically averaging the absolute

values of the amplitudes within a window 0.5-ns wide

centered on the reflection from the AC–ATPB inter-

face in the drained pavement and from the AC–AB

interface in the undrained pavement. A similar

averaging procedure was performed for the airwave

prior to normalizing the reflection from the AC–

aggregate interface.
4. Experimental results and discussion

GPR travel time and amplitude data were analyzed

for the surveys collected over both experimental

pavements. Sections 4.1 and 4.2 discuss the results

of these analyses for the undrained and drained

pavements, respectively. After infiltration and mon-

itoring of the experimental pavements were com-

pleted, gravimetric water content measurements were

collected in both pavement sections and were com-

pared to the GPR-derived water content estimates, as

will be described in Section 4.3.

4.1. Results in the undrained pavement

In the undrained pavement, infiltration occurred

into the upper portion of the AB, as shown in Fig. 1a,

and GPR data were collected along the grid shown in

Fig. 2a. GPR travel time measurements (such as those

shown in Fig. 3c) were used to estimate the water

content in the AB and ASB; the results of these travel

time analyses are described in Section 4.1.1. GPR

amplitude data were used to indicate wetter areas in

the upper portions of the AB, as will be discussed in

Section 4.1.2.

4.1.1. Water content estimates from GPR travel time

data

Water content estimates in the AB and ASB were

generated from GPR travel time data for each survey.

To illustrate how water content varied with time, and

to evaluate the horizontal water content distribution
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independently of variations in pavement thickness, the

changes in water content (compared to the ddryT
survey collected before infiltration began) were

calculated, where the difference between the water

content of a survey collected during infiltration and

the water content of the ddryT survey was calculated

for each point in the GPR grid. Fig. 5 shows the

average change in water content per survey for the AB

and the ASB for 13 surveys collected during infiltra-

tion. Each point in Fig. 5 is an average of the change

in water content for all the traces in a survey, or about

2000 data points per survey. The initial average

volumetric water contents in the AB and ASB were

0.13 and 0.16, respectively, and Fig. 5 shows that the

water content in both layers increased with time after

infiltration. The average water content in the AB

increased very steadily, with only minor fluctuations

in the rate of accumulation. In contrast, the average

water content in the ASB had higher fluctuations, and

earlier surveys were sometimes slightly wetter than

later surveys. These fluctuations may indicate tempo-

rary accumulation of water in the ASB, but they may

also reflect uncertainty in the water content estimates.

In the AB, which is the uppermost aggregate layer in

the undrained pavement, the average water content

increased by slightly less than 0.01 throughout the

infiltrated period, while the average water content of

the underlying ASB increased by almost 0.04. The

difference in water accumulation in these layers may
Fig. 5. Average change in water content (difference between the

water content of each survey after infiltration and the water content

of the initial ddryT survey) per survey for the aggregate layers in the

undrained pavement, plotted as function of time after the start of

infiltration. The average changes in water content of the AB and

ASB show accumulation of water with time, with greater

accumulation occurring in the ASB.
indicate that water flowed more vertically, perhaps

through preferential flow paths, through the lower

permeability AB and then flowed more horizontally or

was stored in the more permeable ASB.

Although the average water content per survey is

useful for identifying trends of water accumulation or

depletion, the spatial distribution of water content is

more helpful for understanding possible flow patterns.

To show how the spatial distribution of water content

in both aggregate layers changed with time, the

changes in water content along the grid of GPR

traverses shown in Fig. 2a were contoured for each

survey. Examples of these contour maps over the AB

and ASB for the surveys collected 34, 119 and 205

days after the start of infiltration are shown in Fig. 6a–

c, respectively. The dark gray or black areas on these

plots indicate wetting, while the light gray or white

areas indicate drying; contour lines are included to

delineate wetter and dryer zones. These figures show

that the water content distribution in each aggregate

layer changed with time. In the AB, much of the

accumulation occurred in the vicinity of the infiltra-

tion holes (at yc2.5 m), with more pronounced areas

of accumulation appearing near these holes in the later

surveys. In the ASB, accumulation occurred down-

gradient of the infiltration holes in the earlier surveys,

then spread throughout the section in later surveys. In

the last surveys, the ASB showed very high water

contents just downgradient of the infiltration holes,

along line 2 (Fig. 2a). The ASB showed higher water

contents in this area than the AB, indicating that as

water flowed downgradient laterally from the infiltra-

tion holes, it also flowed vertically from the AB into

the ASB. The ASB also showed areas of very high

accumulation at and slightly upgradient of the

infiltration holes in later surveys.

The small-scale areas of wetting and drying

indicated by the GPR travel time data suggest that

GPR might be used to detect localized variations in

water content. This capability could be used to detect

drainage between hydrological units. For example,

corresponding wet areas in the aggregate layers

appear to show areas of drainage from the AB into

the ASB. In the survey collected 205 days after

infiltration began (Fig. 6c), wet areas in the AB at

(1.3, 1.5 m), (5, 2.4 m) and (5.5, 0.5 m) correspond to

very wet areas in the ASB at these locations. Other

areas suggest that drainage through the AB into the



Fig. 6. Spatial distribution of the changes in water content from data

collected over the undrained pavement along the GPR grid shown in

Fig. 2a. The upper plot shows the changes in the water content

distribution of the AB, while the lower plot shows the changes in

the distribution of the ASB. (a) Survey collected at 34 days (after

the start of infiltration). (b) Survey collected at 119 days. (c) Survey

collected at 205 days.

Fig. 6 (continued).
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ASB contained some of the initial pore water as well

as the introduced infiltration. An example of this

occurs in each of the surveys around (0.3, 1.6 m),

where a slightly dryer area in the AB corresponds to a

wetter area in the ASB. Another possible zone of

drainage from the AB occurs near the vertical drain

located just upgradient of the section (at yc3.3 m). In

the surveys collected a few months after infiltration

began, wetter areas were observed in the AB near the

drain; some water may have been forced upgradient a

slight distance as the downgradient section became

more saturated. Similar wet zones also occurred

around the drain in the ASB in later surveys,

suggesting that water may have penetrated the AB

and then flowed through the ASB to the vertical drain.

4.1.2. Identification of wet zones beneath the AC from

GPR amplitude data

Amplitude processing and normalization were

performed for the reflection from the AC–AB inter-

face for each GPR survey to identify areas of high

water content immediately beneath the AC. The

changes in amplitude were calculated as the difference

between the normalized amplitude at each point in a
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post-infiltration survey and the normalized amplitude

of that point in the ddryT survey before the start of

infiltration. Contour plots of the changes in normal-

ized amplitude for the surveys collected 34, 119 and

205 days after the start of infiltration are given in Fig.

7. Comparison of the changes in the amplitude

distribution along the AC–AB interface with the

changes in the water content distribution of the AB

(Fig. 6) shows that the spatial patterns of the two data

sets are not very similar. Cross-plots of the change in

amplitude and the change in water content for each

survey confirm the lack of correlation between these

parameters. The contour plots of the change in
Fig. 7. Spatial distribution of the changes in normalized amplitude

for the reflection from the AC–AB interface in the undrained

pavement. The amplitude distributions shown here are from surveys

collected 34, 119 and 205 days after the start of infiltration. Higher

amplitudes are primarily observed near the infiltration holes,

indicating that water is accumulating beneath the AC near these

holes.
amplitude show that the amplitudes increased most

near the infiltration holes (at yc2.5 m), indicating an

accumulation of water in this area. The travel time

data also showed wetting near the infiltration holes,

but the wet areas in the travel time data were larger

and expanded to areas further from the infiltration

holes with time, while the areas of high amplitude

generally showed less expansion with time. The

differences between the distributions of the amplitude

and travel time data are probably caused by the

different sampling depth of each type of measurement.

The amplitude data were primarily influenced by the

water content closest to the AC–AB interface (in the

uppermost portion of the AB), while the travel time

data were influenced by the water content across the

entire thickness of the AB. Information from travel

time and amplitude data might therefore be used

jointly to estimate the vertical distribution of water in

the AB. For example, in this experiment, the

amplitude data suggest that water accumulation in

the upper portion of the AB primarily occurred near

the infiltration holes, while the travel time data

suggest that water accumulated further from the

infiltration holes in deeper portions of the AB and

flowed through permeable flow paths in the AB into

the ASB.

Despite the dissimilar spatial distributions of the

changes in amplitude and water content for individual

surveys, these parameters seem to be well correlated

when the average values for each survey are

considered. A cross-plot of the average change in

normalized amplitude of the AC–AB reflection with

the average change in water content in the AB for

each survey is given in Fig. 8. This plot shows a

strong positive correlation between the changes in

water content and amplitude, as was expected from

reflection coefficient theory (Eq. (3)). These results

suggest that even though amplitude and water content

were not strongly correlated for individual measure-

ments, the volume of water accumulated near the AC–

AB interface (indicated by amplitude data) was

proportional to the water content throughout the AB

(indicated by travel time data) for this pavement.

Thus, amplitude data might be used to indicate the

average water content in the aggregate layer when the

accumulation near the AC–aggregate interface and the

accumulation throughout the aggregate layer are

correlated.



Fig. 9. Average change in water content per survey for the aggregate

layers in the drained pavement, plotted as function of time after the

start of infiltration. The average changes in water content of the AB

and ASB fluctuate around zero, indicating no significant wetting or

drying. The average changes in the water content of the ATPB show

a large initial reduction in water content, then a gradual increase.

Fig. 8. Average change in normalized amplitude per survey for the

reflection from the AC–AB interface in the undrained pavement,

plotted as a function of the average change in water content of the

AB.
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4.2. Results in the drained pavement

Infiltration in the drained pavement occurred

directly into the ATPB, as shown in Fig. 1b, and

GPR traverses were collected along the grid indicated

in Fig. 2b. Both GPR travel time and amplitude data

were investigated, and the results of these analyses are

discussed in Sections 4.2.1 and 4.2.2, respectively.

4.2.1. Water content estimates from GPR travel time

data

The water content in each of the three aggregate

layers in the drained pavement was estimated using

GPR travel time data, as described in Section 3.2. Fig.

9 shows the average change in water content per

survey for each aggregate layer for 12 surveys

collected during infiltration. The average water con-

tents in the AB and ASB before infiltration began

were 0.12 and 0.15, respectively. The initial average

water content in the ATPB was estimated as 0.06,

although as discussed in Section 3.2, the accuracy of

this estimate is very uncertain since no truly appro-

priate petrophysical relationships were available for

this layer. Despite this uncertainty, the travel time data

in the ATPB were converted to apparent water content

values to allow comparisons between the changes in

water content in the ATPB and the other aggregate

layers. Fig. 9 shows that only minor fluctuations in the

average water content of each aggregate layer

occurred during infiltration. The lack of significant

accumulation in the AB and ASB indicates that the
ATPB adequately drained most of the infiltrated

water, and only a very small volume of water

penetrated into the underlying layers. When analyzing

the trends in Fig. 9, it is important to note that in very

thin layers, a small change in travel time will result in

a much larger change in the estimated water content

than the same change in travel time through a thicker

layer. For example, the ATPB is much thinner than the

other layers, so only a small change in travel time is

necessary to see a significant change in the estimated

water content. The fluctuations in the water content of

the ATPB shown in Fig. 9 correspond to very small

changes in travel time and may therefore be more

prone to error than the water content fluctuations in

thicker layers.

Although the average changes in the water content

of the AB and ASB fluctuated between slight wetting

and slight drying for different surveys, the average

water contents in the ATPB showed drying immedi-

ately after the start of infiltration, then became slightly

wetter with continued infiltration. A possible explan-

ation for the drying trend observed in the ATPB is that

part of the asphalt cement in the ATPB was washed

out during infiltration. If the infiltrated water drained

very quickly through the ATPB (as indicated by

laboratory-scale permeability tests) and simultane-

ously removed some of the asphalt cement in the

ATPB, GPR surveys collected after infiltration would

show lower dielectric constants (i.e., would appear

drier) than the initial survey, because the volume



Fig. 10. Average change in apparent water content per survey in the

ATPB for the laboratory-scale block experiment, plotted as a

function of the water depth in the ATPB. When the water was less

than ~3 cm deep, the changes in water content show significan

wetting. When the water was deeper than ~5 cm, the changes

indicate drying.
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initially occupied by asphalt would then be occupied

only by air. The ATPB was excavated after the

infiltration experiments were concluded, and the

excavation showed that a significant amount of

asphalt cement had been stripped from the ATPB

during infiltration. The removal of asphalt from the

ATPB was probably responsible for some of the

apparent drying in this layer, but because the volume

of asphalt removed with time could not be measured,

it was impossible to quantitatively relate the loss of

asphalt to the lower dielectric constants measured in

the ATPB.

Another possible explanation for the lower dielec-

tric constants measured in the ATPB after infiltration

is that a thin layer of water pooled on the low-

permeability prime coat at the ATPB–AB interface,

and a GPR reflection was generated from this water

layer. A reflection from a thin water layer above the

ATPB–AB interface has the same polarity as a

reflection from the ATPB–AB interface without a

water layer, and the water layer reflection arrives only

slightly earlier in time than the reflection from the

actual ATPB–AB interface. Even for the highest

frequency (1200-MHz) GPR data used in this experi-

ment, the wavelet resolution (pulse envelope time

duration) is inadequate to distinguish between reflec-

tors separated by less than 5.0 cm. As the thickness of

the ATPB is only 7.5 cm, detecting reflections from

both a water layer within the ATPB and from the

interfaces defining the drainage layer (AC–ATPB and

ATPB–AB interfaces) is clearly beyond the capability

of the GPR equipment used in this experiment.

Instead, the reflection from a thin water layer super-

imposes with the reflection from the ATPB–AB

interface. Since the polarity of the ATPB–AB reflec-

tion and the water layer reflection are the same, and

the time difference between the two reflections is

small, the superposition of the two wavelets is

primarily constructive. The water layer reflection

arrives earlier in time than the ATPB–AB reflection,

so the resulting composite (superimposed) wavelet

has an earlier arrival time than the original ATPB–AB

reflection. Thus, when this superimposed wavelet is

chosen as the ATPB–AB interface, the ATPB appears

drier.

To determine whether a thin layer of pooled water

might be causing the apparent drying trend in the

ATPB, two additional experiments were performed. In
the first experiment, a short-term infiltration test was

performed on an adjacent pavement section, where a

very large volume of water was rapidly infiltrated into

the ATPB during GPR data collection. The GPR data

showed very small travel times in the ATPB (a

reduction in water content) immediately downgradient

of the infiltration zone, indicating that a reflection was

generated from the pooled water in this area. To

quantify how the depth of pooled water affected the

reflection from the ATPB–AB interface, a second,

laboratory-scale experiment was performed with a

small block (52 by 41 cm) of AC and ATPB placed in

a plastic tub. Water was gradually added to the tub and

GPR surveys were collected across the block after

each addition of water. Data for the block experiment

was interpreted and the average apparent water

content for each survey was estimated using the same

techniques as for the field-scale experiments. (Since

the water content estimates in the block experiment

are known to be erroneous due to the reflection from

the water layer, these estimates will be referred to as

the dapparentT water content.) Fig. 10 shows the

average change in the apparent water content of the

ATPB for each survey in the block experiment plotted

as a function of the depth of the water layer in the

ATPB. These results clearly show that pooled water

could cause the ATPB to appear to be very dry, with

the lowest water contents corresponding to the great-
t
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est depths of pooled water, when the water layer was

thick enough (greater than ~3.5 cm) to generate a

reflection. However, when the depth of the pooled

water was small, the ATPB appeared wetter, as the

travel time through the ATPB was increased even

though the water layer was too thin to generate a

reflection. For thicker water layers in the ATPB, the

reflection from the AC–ATPB interface became

harder to identify due to destructive superposition

with the water layer reflection; this destructive super-

position may explain some of the difficulty in clearly

identifying the AC–ATPB reflection in later surveys

in the large-scale experiments.

Although the GPR data in the block experiment

appropriately indicated wetting for very thin layers of

pooled water, these measurements did not accurately

estimate the water content in the ATPB; the errors are

likely due to wavelet superposition and to the

inappropriate application of Topp’s equation in a

non-homogenous media. Thus, GPR travel time data

through the ATPB cannot be used to reliably estimate

the water content in the ATPB under conditions of

very high infiltration. Despite the limitations of GPR

data for estimating water content in the ATPB during

rapid infiltration, GPR data can still be used to

indicate wetter and drier areas in this layer under

normal infiltration conditions in pavements with

slopes sufficient to drain the ATPB.

To observe how water content fluctuated spatially

in the drained pavement, contour maps were gener-

ated of the changes in water content in the ATPB, AB

and ASB using GPR data acquired along the grid

shown in Fig. 2b. Examples of these contour maps for

the surveys collected 2, 30 and 63 days after the start

of infiltration are shown in Fig. 11a–c, respectively.

These plots show that although the average water

content per survey does not change significantly with

time, considerable spatial variations occur within each

survey. Accumulation of water consistently occurs

around (6, 0.75 m) in the ATPB and around (3.5, 0.5

m) in the ASB, while depletion occurs around (1.5,

1.5 m) in the ATPB. As in the undrained pavement,

corresponding areas of accumulation in the aggregate

layers appear to show areas of drainage between

layers. For example, the wetter zone in the AB around

(0.5, 3 m) corresponds to a slightly wetter zone at the

same location in the ASB and may indicate a flow

path between these layers.
Although the spatial variations in water content for

each survey were sometimes considerable, there was

only a moderate redistribution of water within each

layer with time. This relatively static water content

distribution suggests that the small volume of water

that penetrated into the AB and ASB tended to

repeatedly infiltrate along preferential flow paths

rather than spreading throughout the layer. Areas

where the prime coat of sprayed asphalt did not

penetrate well or an inadequate amount of prime coat

was applied would be likely areas where water could

infiltrate from the ATPB into the AB. Time-lapse GPR

surveys of each of the aggregate layers, as acquired in

this experiment, may help to identify these areas.

4.2.2. Identification of wet zones beneath the AC from

GPR amplitude data

The amplitudes of the reflection from the AC–

ATPB interface were processed and normalized by the

airwave amplitudes, and the changes in amplitude

(compared to the initial ddryT survey) were calculated

for each survey. Contour plots of the change in

normalized amplitude are shown in Fig. 12 for the

surveys collected 2, 30 and 63 days after the start of

infiltration. Comparison of these plots with the

changes in water content of the ATPB calculated

from travel time data (Fig. 11) shows that there is no

obvious spatial correlation between the amplitude and

water content estimates, although some consistently

wetter areas appear to have higher amplitudes. Cross-

plots of the changes in amplitude and water content at

each point were also generated for each survey, and as

with the undrained pavement, these plots again

showed no significant correlation between amplitude

and water content within a single survey. Fig. 13

shows the average change in normalized amplitude for

the AC–ATPB reflection plotted against the corre-

sponding average change in water content of the

ATPB for each survey. This plot shows a weak trend

of higher amplitudes corresponding to lower water

contents, but the scatter in the data is too large to

meaningfully relate amplitude data to water content

estimates.

To clarify the relationship between amplitude and

water content for the drained pavement, amplitude

analysis was also performed on the data from the short-

term, high-volume infiltration experiment conducted

in an adjacent drained pavement section. The results of



Fig. 11. Spatial distribution of the changes in water content from data collected over the drained pavement along the GPR grid shown in Fig. 2b. The uppermost plot shows the

changes in the water content distribution of the ATPB, the middle plot shows the changes in the distribution of the AB, and the lowermost plot shows the changes in the distribution of

the ASB. (a) Survey collected at 2 days (after the start of infiltration). (b) Survey collected 30 at days. (c) Survey collected at 63 days.
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Fig. 13. Average change in the normalized amplitude per survey for

the reflection from the AC–ATPB interface in the drained pavemen

section and in the adjacent (drained) pavement section with short-

term infiltration, plotted as a function of the average change in

apparent water content of the ATPB. The changes in amplitude from

the drained pavement section show little correlation with the

changes in water content, but the changes in amplitude from the

short-term infiltration experiment in the adjacent drained pavemen

are highly correlated with the changes in water content.

Fig. 12. Spatial distribution of the changes in normalized amplitude

for the reflection from the AC–ATPB interface in the drained

pavement section. The amplitude distributions shown here are from

surveys collected 2, 30 and 63 days after the start of infiltration.
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this analysis indicate that the average changes in

amplitude and water content are strongly correlated, as

shown in Fig. 13. However, this experiment showed

that the largest changes in amplitude are correlated to

the greatest reductions in water content, which is

opposite the trend expected from reflection coefficient

theory. These results are due to the influence of pooled

water in the ATPB, which causes a very large change

in the reflection amplitude, but also causes the travel

time measurements to indicate very ddryT water

contents (Section 4.2.1). Thus, high amplitudes

correspond to areas of pooled water, as was observed

in amplitude contour plots for the short-term infiltra-

tion experiment. Amplitude data may therefore be

used in conjunction with travel time measurements to

determine whether areas that are indicated as ddryT in
the travel time data correspond to actual drying or to

areas of pooled water.
4.3. Validation of the water content estimation

procedure and discussion of errors

After the infiltration experiment in each pavement

section was completed, a final GPR survey was

performed over selected locations in the GPR grid,

for a total of 11 locations in the 2 sections. For the

drained pavement, GPR data were collected in a

single traverse across the selected locations; for the

untrained pavement (collected later), data were

collected in two perpendicular traverses that inter-

sected over the selected location. For both sections,

the AC was cored immediately after the GPR surveys

at the selected locations using a dry-bit drilling

technique, and gravimetric water content measure-

ments were collected in the AB and ASB. The

gravimetric measurements were collected in continu-

ous vertical increments of 2–3 cm and were converted

to volumetric water content estimates using the

average density of each layer, as determined from

pavement construction records. These estimates were

then arithmetically averaged for each aggregate layer

for comparison with the GPR-derived water content

estimates. In general, the GPR-derived estimates of

water content in the aggregate layers were quite

accurate, with a root mean squared error of 0.021 cm3/
t

t
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cm3. Fig. 14 shows a plot of the water content

estimates from GPR data and from gravimetric water

content measurements. In this plot, two estimates are

shown for each borehole drilled in the drained section

(one AB estimate and one ASB estimate). For the

undrained pavement, two GPR traverses were col-

lected over each location, so two estimates are shown

for the AB and two are shown for the ASB.

Fig. 14 shows that the water content estimates from

GPR and gravimetric measurements have reasonably

good correlation but, the scatter in the data is not

negligible. The differences between the GPR and

gravimetric measurements may be caused by several

different factors, including inaccurate estimates of the

pavement aggregate properties, errors in the interpre-

tation and processing of the GPR data, and differences

in the water volumes measured with gravimetric or

electromagnetic techniques.

Accurate characterization of the pavement aggre-

gates is necessary to obtain precise volumetric water

content estimates from either GPR or gravimetric

techniques. For GPR techniques, the pavement thick-

ness is used to convert the GPR travel time measure-

ments to water content, so variations in the thickness

of the aggregate layers cause error in the GPR water

content estimates. Slight variations in the thickness of

the aggregate layers seem probable in these pavement
Fig. 14. Comparison of volumetric water content estimates derived

from GPR data and from gravimetric sampling.
sections, as the GPR surveys collected before the start

of infiltration indicated that the thickness across each

layer was not perfectly uniform. For example, the

traverses shown in Figs. 3 and 4 were collected before

infiltration began in the undrained and drained pave-

ment sections, respectively, and the travel time

measurements for each layer changed somewhat

across each section. If gravimetric techniques are

used to estimate water content, the pavement thick-

ness is not required, but an estimate of the soil density

is needed to convert the gravimetric water content

measurements to volumetric water content estimates.

Inaccurate soil density estimates or variations in

density throughout an aggregate layer may produce

inaccurate volumetric water content estimates.

Uncertainties in the interpretation and processing of

the GPR data may also contribute to the error in the

GPR-derived water content estimates. One source of

uncertainty is the use of data with different central

frequencies to calculate the travel time through the

ASB. Since data from different frequency antennas

have slightly different travel paths (contributing to

slightly different arrival times) and different resolu-

tions, merging data sets with different central frequen-

cies can complicate data interpretation and introduce

errors in travel time measurements. Another error

introduced by using multi-frequency data sets is that

the airwave cannot be chosen with complete accuracy

for each frequency, and the airwave is used to define

the zero time for both data sets. In Figs. 3 and 4, the

airwave dpickT in the 900-MHz data appears to be

fairly free from superposition with the groundwave,

but CMP surveys could not be collected for the 1200-

MHz antenna, so it is not clear how much, if any,

superposition occurs between the airwave and ground-

wave for the 1200-MHz data. Also, superposition of

the airwave and groundwave may occur for either

frequency if the properties of the surface layer (the

AC) change at locations further from the CMP survey.

For this experiment, errors in the zero time estimation

caused, by airwave and groundwave superposition

should affect only the travel time measurements in the

ASB, as this is the only layer for which data from both

frequencies are used. Comparison of errors in the water

content estimates for the AB and ASB show that the

ASB estimates are on average slightly more accurate

than the AB estimates, suggesting that error introduced

by merging data sets of different frequencies is not
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more significant than the other sources of error

discussed here.

Another potential source of error in the GPR data

collected in this experiment is wavelet superposition,

which can obscure the exact arrival time of different

reflections. For this experiment, superposition was

most significant for the reflection from the AC–

ATPB interface. For the 1200-MHz data, this

reflection could be identified fairly easily in the

early (drier) surveys, although it had a low amplitude

and was probably partially superimposed with the

leading edges of the reflection wavelet from the

ATPB–AB interface. In later surveys, the amplitude

of the AC–ATPB reflection was further reduced and

occasionally had polarity reversals; the change in this

reflection is most likely caused by increased wavelet

superposition due to reflections from pooled water.

In the 900-MHz data, the reflections from the AC–

ATPB and ATPB–AB interfaces were merged into a

single reflection, so the reflection from the AC–

ATPB interface could not be identified in any survey.

The superposition of these two reflections also

prevented accurate measurement of the arrival time

of the ATPB–AB reflection, thus eliminating the

possibility of accurately measuring the travel time

through the AB using only 900-MHz data.

Although errors may occur in the estimation of

volumetric water content with either GPR or gravi-

metric techniques, the water contents estimated with

these techniques may also differ as a function of the

volume of water measured with each method.

Gravimetric techniques measure the entire volume of

water in a sample, including water held to the soil

surface by electromolecular forces (bound water) and

water free to move in the soil pores (free water). In

contrast, GPR techniques primarily measure free

water and are less sensitive to bound water, which

cannot rotate as freely in the presence of an applied

electromagnetic field (Boyarskii et al., 2002; Serbin

and Or, 2003). Thus, if a significant portion of the

water in a soil is bound, the water content estimated

with gravimetric techniques should be greater than the

water content estimated with GPR techniques. In this

experiment, the water content estimates from gravi-

metric techniques were on average only slightly

higher (difference in volumetric water content of

0.001) than the estimates from GPR techniques,

indicating that the differences between the GPR and
gravimetric estimates of water content were not

greatly influenced by bound water effects.
5. Summary and conclusions

These experiments have shown that ground-

coupled GPR techniques can be used to estimate the

volumetric water content in sub-asphalt aggregate

layers with high resolution, in multiple dimensions,

and in a non-invasive manner. The GPR-derived

estimates of water content calculated in these experi-

ments had relatively low errors (RMSE of 0.021 cm3/

cm3), suggesting that this technique has potential for

use in routine pavement surveys when the average

thickness of the aggregate layer was recorded during

construction and the actual thickness of the aggregate

layer is usually similar to the average thickness.

Although this technique seemed to work well for this

experiment, some changes in the procedures might

make it more practical for large-scale surveying. One

change that would greatly simplify data collection and

processing would be to use a single, lower-frequency

antenna instead of multi-frequency data, if a slight

reduction in accuracy is acceptable. Higher frequency

GPR data provide better resolution and thus more

accurate water content estimates than lower frequency

data, but may not have the depth penetration needed

to image the deepest reflector. Lower frequency data

can provide better depth penetration and may allow

adequate penetration from an air-launched antenna,

thus reducing the time needed to collect data. Using

data from one frequency also reduces uncertainty in

the data interpretation and processing routine. How-

ever, the circumstances in which lower frequency data

are appropriate must be analyzed for each pavement;

in pavements with thin aggregate layers (such as a

drainage layer), using lower frequency data that

cannot accurately image reflections near the thin layer

may produce unacceptably large errors.

The results of this experiment provided informa-

tion on how water may infiltrate pavement aggregates.

Analysis of the water content estimates calculated

from GPR travel time data in both pavement sections

indicates that the sub-asphalt drainage layer is

effective, as significant wetting of the aggregate

layers occurred in the undrained pavement, but not

in the drained pavement. Within the drainage layer,
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analysis of the travel time data sometimes indicated

drying after infiltration; this apparent drying may

signify areas of pooled water, which can be more

accurately identified using both amplitude and travel

time data. Apparent drying in the drainage layer may

also denote stripping of the asphalt cement in this

layer, but further research is needed to quantitatively

verify this hypothesis.

GPR travel time data were also useful for indicat-

ing the spatial distribution of water within the

aggregate layers. In the AB, water appeared to flow

primarily through localized zones of high water

content, while the water content increased more

uniformly across the section in the ASB (for the

undrained pavement). This spatial distribution might

indicate piping or preferential flow paths through the

AB and more distributed flow through the deeper

ASB. Analysis of the water content distribution in the

aggregate layers may be useful for detecting leaks

through the prime coat and indicating areas of

localized piping.

Joint analysis of travel time and amplitude data

showed that the reflection amplitude for the interface

between the AC and the first aggregate layer has

potential for indicating the water content in this

aggregate layer for some undrained pavements.

Knowledge of the water content near the asphalt–

aggregate interface could also be used to predict

asphalt stripping and deterioration. Although the data

in this study were collected using ground-coupled

GPR, amplitude analysis of the AC–aggregate

reflection could also be performed using the more

commonly acquired air-launched GPR data. With air-

launched data, the thickness of the AC could be

measured using conventional reflection coefficient

and travel time analyses, and areas of high water

content beneath the AC could be identified by

analyzing the amplitudes of the AC–aggregate

reflection. The results of the amplitude and travel

time analyses in this study also have important

implications for the application of GPR reflection

coefficient techniques to estimate the thickness of

aggregate layers. Using reflection coefficient theory,

amplitudes from the AC–aggregate reflection may be

used to determine the dielectric constant of the

aggregate layer, and the dielectric constant is then

employed in conjunction with travel time measure-

ments to estimate the layer thickness. This study has
shown that reflection amplitudes may not be strongly

correlated to the average dielectric constant of the

underlying layer; substantial errors in the thickness

estimates may occur if the dielectric constant

immediately adjacent to the interface differs signifi-

cantly from the dielectric constant throughout the

aggregate layer. Other errors in the thickness

estimates could be caused by inaccurate dielectric

constant estimation due to conditions such as pooled

water in drained pavements.

The results of this experiment have shown that

GPR data can be used to monitor the water content in

sub-asphalt aggregate layers. For very accurate water

content estimates, the thickness of each aggregate

layer must be well characterized, but reasonably good

estimates were obtained using the average thickness

of each layer recorded during pavement construction.

The water content estimates can be mapped to show

the water content distribution in each layer and to

indicate the locations of preferential flow paths

between layers. Water content estimates obtained

from GPR data can contribute to more efficient

pavement maintenance and rehabilitation by identify-

ing areas of poorly drained aggregates, determining

the efficacy of the sub-asphalt drainage layer and

detecting areas of likely asphalt deterioration.
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